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ABSTRACT

This paper shows that the power Systen o parionn in «
(batterics, solar ar ray, power regulator ) on-hoo 3t
TOPEX/Poscidon satellite has met o 1 exceeded e o nc b
predictions, and has successfully managed the perlorm e ol
NiCd batterics which had shown anomalous pot {for nne: on
other missions such as LJARS and GRO. The bat e
performance is ad dressed through the following parameicis:ong
of-discharge voltage, peak charge current, chitl ge to diseluye
ratio, and voltage differential. The solar arta v petld) o,
discussion includes voltage, current and power. ‘1 here s also
discussion of the power regulator efficiency and Ui satc Hite o, d
power history,

INTRODUCTION

TOPEX/Moseidon (TOPEX), joindy conducted by NASA o
the French Cent re National d’Etudes Spatia les (CN S ) wos
launched successfully on August 1 (), 1992, 1 he 3 yen
successlul operationto date of  the TOPEX sate Hite and pow
subsysten has enabled the science community to akcennnans
gains in measur ing and understanding, global ., Pl T
such as circulation, tides, and (heir effects on chimate ‘1 GIPYX
is powered by the Modular Power Subsys tem (MPS) conta ey
3 NASA Standard 50 Ah capacity Nickel Calmiun (MG
batteries manufactured by McDonnell Douglas and a deploy ab v,
sun tracking, rigid, siapl(. -wiap,, rectangulargilic onsolon o
with overall dimensions ol approximately 26 by |1 feet

Batterics of identical design and similar manufactunmy bty
on board othes NAS A satellites experienced battery anonahie
early in li'c. Thesesatellites include the Extrame 1 H0nacl 1
Explorer (HUV 1), the Upper Atmosphere Rescarch SucIhi
((I Al< S), and the Gamma Ray Observatory ((GiRO) ‘111 o
satellites exhibited Targe divergence of the half ba tery vole e

within the fust 4 7 mont hs after aunch,  This deteriorating
condition notmally would be exhibited near the battery end-of-
life, which was designed to be on the orderof 3-5 yearsinal.ow
Larth (nbitiegime. Inorderto avoid similar battery problems
on TOPEX, an Investigation Team and the Batlery Management
Teany were for med ptior t o launch to make operational
rccommendations  {or - the  TOPEX  batteries. The
recommendations included using novel battery management
tec hinfgues o maintain the battery health throughout the primary
mission. These techimques have been referred to as TLC or
Tender 1 oving-Care. <1 he 'T1.C techniques included: limit the
batlery peak charge cuirentto rtess than 20 A, control the
rechargeratioto 1,05.1 03, and use the low current sensor for
recharpe ratio caleulations when charge current is less than 3 A.
“1 hesesnccessfuloperationaltechniques for the TOPEX batteries
havebeen continued during the extended mission in anticipation
ol buttery life we llbeyond the primary  mission.

“1 he TOPLEX satellite has iy orbit with a period 01 1 12,S
nunutes and eclipse duration varying from 0 to 35 minutes. The
oceultation pet iodsalictnate between approximately 42 days and
84 days with periods of fall sun of about 1010 20 days in
between. This behavior repeat s throughout the duration of the
mission

‘1 he primary souree of power for TOPEX is a rigid single-wing
solararray. The solar antay provides power (o the satcllite Joads
and climges batteties whilcinorbit daytime.  The art ay tracks
the sun and is of fsetfrommormalto the sunline by (currently)
50.5° 10 reduce the charge cutrentonthe batteries. The solar
ar tay lemperatute var s between =807 to 440°C and the
(i ferentialtenperatmebetween the frontand back 01 the atray
varies rom O 0 10°C,




The Joad requitements (m the TOPEX power systemongcn,
700 to 1050 W. The variation is causcd by hcater 1\ inriead
switching betweenthe NASA altimetetand the CNES wltin r1e

Battery charging (m TOPEX is carticd out by the Staadind
Power Regulator Unit (SPRU) using 2 difterent nwosdes po sk
power tracking mode and voltage limit mode  Peal oy
tracking is utilized at the beginning of cach satcHite orbit vl
the selected charge voltage/tem perature (V/T) 1( vehisrcahil
At this point, the SPRU enters voltage hmit modo , alvokiovn
as lapel charge 11100c, ‘The V/T controller il the SPRU s e .
the battery voltage and limits the voltage to the preset ot
defined by the V7T level The VT levels arc uscd cticosdy
controlli ng battery recharge. 'TOPEX operates using V11 vl
2,3 & 4 fromthe NASA standard Ni-Cd battery mgnncat Vo
level 2 is used during periods 01 fall sun, V/I level visas
when the car th oceultation periods arc. < 28 minmtes and V7
level 4 is used during car th occultation petiods botweensand
35 minutes. The battery temperature varies between 4 8 (ar
is controlled using heat pipes and heaters.

BATTERY GROUND TESTS

Four months prior to launch, @ mission simulation ground estising
TOPEX cells from the flight lot was initiated as standard o e oy !
procedur ¢ insuppot Lof flight projects. The objective (17 s testw,
to predict mission performance and 10 provide quantitstive diti ta
m the manager nent of the spacecrafl batteries. Becowise the une o
simulation test was initiated prict to the launcl, the o st oty
changes for the Tender-1 oving-Care envit onmer it wer v 1ot y
implemented and not incorporated in the test. 11 addition ane 1
ground test was started 2 months after Faunch to assess the ciec. of
charging at a lower temperature. The cell tempetature wois 10 fo
the mission simulati on test and 0° C for the temperat nre elie 1ol
In both tests, a pack of 5 flight cells was charged ill 25 smpoic, 1o
V/T level 5. The discharge rate was 10 amperes (o a wa nn 2
depth of discharge (1).0).1).). The orbit duration wis 1 12 11 mc .
with a discharge duration ranging from 23.5 minutes (035 Simnic.
Maximum, The dischange duration shuhites th
021 X/POSEINON satelli e eelipse dut atton,

SOLAR ARRAY PERFORMANCE

The solat array power is a function of the solar intensity ind
the solar attay offsetangle. The sorar intensity mcrcases nn
aphiclion (July 1) to perihelion (January .3) and the ndecieie .
back to aphelion. By moni toring the solar array deg nadanion m
solar intensity cycles, the array was positioned to mmnt: n
p e ak charge current within the recommended operational g
(15-20A), The following table lists solar array of st ol
changes sinee launch.

- Dates Offset Angle
Aug. 92-Aug. 93 | §7.5°
Aug. 93-Nov.95 | 54°
Nov. 95-present 50.5°

Table 1, SOLAR ARRAY OFFSET ANGLE CHANGES-

The solar artay was maintained at an offset angle of 7 57 101
approximately one ycat since launch, The solar aviay was th on

swilched to 54 offset and w as maintained at that position anti]
November 1995 (approximately two years). 1t was possible to
maintain the solararray offset at 54 for alonget period of time
thatat s/.5¢ duc to the lowersolar array degradation after the
scy no year.  Solar aray degradation is caused primatily by
radiation, — with lesse 1 effects from  ultra-violet  light,
mivometeoroid damag ¢ and thermal cycling. Table 2 lists the
degradation 1ate of the solat avay compared 1o the pre-launch
prediction,

_Actual
10.506% ycar

3.61 %/ycar

~ Prediction
10.3% fycar
6.3%/ycar

 Yewd
- Year2 - present

Table 2. ANNUALIZED SOLAR ARRAY DEGRADATION

The degradation during the first year was slightly higher thaa
predicted. Sinee that time, the degradation rate has been
significanty less. The degradation was computed by taking a 3
minute aver age ol the solar ar 1 ay power during peak power
tracking. Thisnumber ' therrnormalized for a oo array offset
angleandforthereficctionand defraction caused by the cover
ghass, L he dataos tiended at a constant solar array temperature
of -55% at a beta prime angle of oo A graph of these points is
exhibited i Vig ure 1 'The solatarray degradation rate has been
declining sinee Taunch  'The lower-than-predicted solar arvay
depradation may be due 10; operating with an offset angle
mininized the frontal arca of the array to vadiation effects, the
so Tar eyele has been at the sola tminimum, and the front-to-back
difte rential ternp ¢ rature of the array is lower than pre-laun ch
predictions, The lowes depradation rate, i it continues, w il |
contribute sev eral yeans to the predie tedlife of the solar array.
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Figure 1. NORMALIZED SOLAR ARRAY POWER

BATTERY PERFORMANCE

Peak Charge Current

‘1 he peak charge currentis the maximum charge current the
baticries expetience during cach orbit, This current vat-its as a
fun ction ol the poweroutput of the solar stray and usually occurs
at the beginning of the orbit when the solar array output i s
highest. Under the T1.C strategy, the recommended range for



the peak charge current is < 20 amps.  In additon the inven ve

peak charge curient shou 1d be maintained above 15 an ps o
achicve the destted charge to discharge ratio. As the sel w11 oy
degrades, the solar artay offset is periodic a [y redue d 1y
maintain the operational tccommended range.
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Figure 2. AVG. BATTERY PEAK CHARGE CURRENY

Figure 2 exhibits the average peak charge curientdonimgy ,, b
occultation pet iod since launch,  The average peadb ol vy o
curtent w a s maintained below the TLC reconnucinded )
amperes and above 15 amperes during all of the occult ton
petiods.

End-Of-Discharge Voltage

The end-of-night battery voltage (1HONV) o1end o fdise g,
voltage (HODV) is the lowest voltage the battery reaches dur iy
the end of the eclipse portion of each orbit. This paremcint gy
be used as an efficiency factor o1 wear-out indtcato: I'h
internal impedance of the batleries varies as afunction @ 1 stk
ofl-charge. A s the stode-of-charge decreases, the inton: !
impedancemcicases. Thus, the higher the DOD the hip her th,
internal impedance and hence the lower the 1 ON\ sl th
batterics. Inaddition, as the batteries age, it is expected thatth
efficiency of the batter ics decrcases and the intemalinnipeding
increases.  This results in lower HONV  with it op ‘ahr
parameter is important in supporting the voltage seguitaiment . o
the various satellite instruments.

Figure 3 exhibits the minimum battery end-of-night voltig ¢
the maximum 1 ).0.D. (110 each occultation pet o o .
spacecraflt batterics and compares that to the equivalent b ater
voltage (scal ed up to a 22-cell configuration) for the colls eyele i
on the grou nd. The end-of-night voltage was th iy st bati oy
parameter to cxhibit a degradation To dale 111( endolnoh
voltage has degraded from 27,5 volts to 26.40 volin  '1h
degradation rate of the end-of-night voltage increaseddunng the
cleventh and twelfth occultation periods, Along w ith this | O™\
degradation, the battery exhibited a spread inthe voltagatin
end-of-night which caused a voltage dilferentia T dive ve e
(deseribed in the Voltage Differential section (If thiciepotty b
i s interesting to note that the HONV degradation rate of 1he
flight batteries has been slower than the HONV degrad or o
t h e TOPEX mission simulation ground test cchiv, IHncie

indicative that the I strategics applied to tbe {light batterics
at ¢ ind ced lower ing the overall cell degradation, therefOre, they
are essential incontbuting to the mission extens ion,
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Figure 3. BATYERY EON VOLTAGE AT MAX. ECLIPSE

Charge To Discharge Ratio

The charge to discharge tatio (C/D) monitor s energy balance
andoverchatge and is agoodindicator of load sharing. The
parameter is computed every orhit (m-board the satellite by
dividing the net charge (amp/min) by the net discharge
(amp/ning). The recommended operationat C/D ratio is 10543%
al 5°(.

Pigure dexhibits the average C/) perfor mance for each occultation
region for the satellile and the ground cells. The C/D inercased
duting the fir st cight ocenltation periods and slowly declined during
the Jastnine oceultation periods. This behavior is typical for Nickel-
Cadimium batteries while cycling inbow arth  Orbit  regimes. This
type of behavior iV mostly due to the positive electrode expansion
du ing the initial portion of the battery life., which improves cell
efficicncy. As the ey e dife increases, the positive  clectrode
expansion reaches a maximum and the cell ¢ fliciency begins to
decien se, thu s the deeline inrecharge fraction. This type of behavior
was al so observed on the pround tests, The rate of C/D ratio inc case
was b faster for the cells tested on the ground. ‘Ibis implies  that
the ‘1 ender-l oving-Care conditions applied to the flight batteries
have successfully deercased the tate of normal degradation.
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Figure 4. AVG. CHARGE TO DISCHARGE RAMI(

Voltage Differential

The voltage differential parameter has histotically been e dd
o evaluate battery state of health. Th e voltage ditl crentol tae
difference of the two half-ha[lmy voltages.  1Thstorice!ly, 11 s
parameter would remain under 1007 mV until the end of 11, 0!
the battery.

The three batteries to date have exhibited voltapce dificien s
lower than 50 mV, however, certain trends have been observed
1"w’() trends observed to date ale: “peak powrcrvoliane
differential  spikes” and  “end-of-ni ght diffeicntial  vo1 1
divergences” Figure 5 exhibits the peak power volaie
differential spike behavior for battery #1during one the cn e
occultation petiods. The peak power voltage dif ferentie s ik
were normally observed during the first and lastfew dony s oo
occultation region and occ urred during the peak powcitac | 111
portion of the orbit. During, these portions the colipae dutaizo
was small, therefore, the battery State-of-Charge (SCC) 10«
discharge remained high (above 95%). When the battenesa . n
a high SOC and are then charged with a high corncn
temporary imbalance of the cells is ¢ reated untilthe V7 kvt
reach ed. It appeat s that th ese peak powet volt e differe i sl
spikes Q¢ ot a cause of a (\Cg! adation process. Pea b Powe
voltage dilferen tial spikes have been observed frequent v eith
batterics on ground tests and on other spaces taft ane 1 ar
considered normal. Healthy batteries such as (heonestiow  on
the Compton Gamma Ray Obser vatory (GRO) and s o |
also exhibited voltage differe ntial spikes during pead powc
tracking. The magnitude o1 these spikes can be controliedbyth
peak powettiacking charge current. The TOPH X bintenies i in
exhibited relatively small peak power voltage differ ential sp ke
because the peak power charge currents have beenreduc ed 1 h
reduction of the peak power charge current ha\ been part of th
TLC strategies implemented on the TOPEX batten s e
launch. The charge current during peak power tioc king s ben
controlled to below 20 A, hence mini mizing the pead pooa
voltage differential spikes,
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Figure 5. PEAK POWER VOLTAGE
DIFFERENT IAL SPIKE (+39mV)

Fipute 6  exhibits the end-of-night voltage differential
diveigonee behav ior for battery # 2 during one the latest
occultationpetiods, 1 hisdivergencee is @i [ferentfromthe peak
powerspikes becauseitoccursat the end of battery discharge
while the eclips ¢ dwations are long instead of during the
beginming of battety chatge while the eclipse durations arc short.
It is considered to be a degradation process, A s the cells
degrade they develop unused active material which operates at a
lower potential - The rate o1 this degradation process cant ot be
controlled equally forthe 2?2 individual cclls within a battery,
therefor ¢, the N oltage dil ferential iner cases during the end-of-
night. This YPC of behavior was also exhibited by the cells
eyceled me the test lab sin months priot to the observation made
on the flight batteries. Thie voltage differential divergence is
also associated with a drop inthe end-o |-night voltage.
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Figure 6. END OF NIGHT VOLTAGE
DIFFERENTIAL “DIVERGENCE”

The voltage d il tere ntial for battery #1 has been limited
between 422 mV throughout the mission to dale, Battery #1 had
not exhibited any significant changes in voltage differential until
occu ltation #9. - Lutingthisperiod batter y #/1 exhibited peak
power \ altage differential spikes. Themagnitude of the. peak
poweispikeswereashighas -16mVand disappeared as the
celipse season increased above 10 minutes.  These spikes
appeared throughout occultation #1 4 and had a magnitude o1-
22mV, 16HIV1 -22mV and - 16111V fotoccultation periods +/11,
#12,4 13 and #i141espectively, Battery #1 also exhibited end-of-




nigh it voltage differential divergences during oceultition i1 2
The divergence was 16 mV in magnitude andmorcased o >
mV during the nextiwo occultation  periods,

Battery #/2 has exhibited the highest end-of-night voli o
(iirfeimytial - divergence among the three batteries.  The el o
nig ht voltage differen atial divergences have reachicd as bopla
44 mV duing occultation period #14 (@pproxiniatchy 4.5 v, o
mto the mission).  Battery #/2 has also exhibited pak .
spikes during catlict occultation pesiods.  The highe <t th e
spikes have reached has been -22 mV approximately 1.$ veors
aftetlaunch,

Battery # /3 has exhibited the highest peak power vo G
differential spikes among the three batteries. 1l pe sk st
voltage differe ntial spikes forbatlery #3 have readled ashisnos
+44 mV approximately 3 years afler launch, Baticry 4.+ 1,110
exhibited any significant  end-of-night  voltege  a @@ ntiail
divergence behavior to dale.

1t should be noted that the TOPEX battery datits tles 1 1 0!
this kind monitored and trended in such detail from the non 0
phasc of a mission. TPower , an automated databascprog s
was designed and developed to address the need for det il o
data trending.  ‘The voltage divergence of all threc bty
observed to dale is low and would not have bee 1 noticedinth
battery data had not been trended carefully, Chiany os iy the e L.
within the batterics are taking place and this is 1eflcuted ortle
voltage difterential, however, the rate of change )\ comsid 1c
low and not alarming. This low rate of degradation miay be du
tothe ‘1’1 .C conditionsimplemented since kaunch

SPRU PERFORMANCE

The TOPEX Standard Power Regulator Unit (SPRUY 1opa |1
convert the sola 1 array power into batlery chirg ing » poa v
load bus power. Figure 7 exhibits the TOPEX SPRU ¢lhicicngs
since lawne h. This efficiency is cal culated by dividing 11 ¢ wur
of the total battery charge p ower and load poweiby the « las
array power. ‘1’heel’lkicag was averaged over 3minutc. dusin
the peak powet tracking portion of the orbit. Two sepirare il
array tempe ra tures we re chosen to corr el ate tenmiperature vith
ellicieney, -5.57{ and -30"(, Theaverage SPRU efficioncy o
cach solar array temperatur ¢ was 92,4 % and 9329 1espectin b
The cfficiency of the TOPEX S1'1<(1 was designed to bty
The higher- than-pr edicted SPRU efficiency will co il ut
several M onths to the missionlife.
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Figure 7. SPRU EFFICIENCY AT B'=0

SATELLITELOAD VARIATIONS

“Lheaverage TOPEHIX load power during maximum cclipse has
been trended sinee Taunch and is shown on Figure 8. The load
powet has been graduolly decreasing from a high of 870 watts
shortly al'fet Liunch to about 846 watts in July 1995. The load
powet decrease shor ty after Jaunch was caused by one of the
tv.otransmitiers being powered of L This second transmitler was
turned back on in luly 1995, B etween July 1995 and April
19906, the load power decreased S watts. A possible explanation
for the long-terniload power dec.lease is that the heaters might
be cons utnng less power due to degradation o f the thermal
blank cts. The thermal blankets ac absorbing more solar encrgy
thus requiting less heater activation,  ‘This trend was reported in
11.(1 [ 95 AP-27 and appeatsto be continuing. Because the rate
at whic h the Toads are decreasing is small, there has been no
wuork done 10 positiv elyidentify the causes of the load powet
deciease 'I'hc]”t"“'l”l(‘hprcdiclion 101 end-of-lifc (5 years)
power consuinpbion W as 933w Because  the  power
consumption is cutrently below this figure and falling, mission
life should be extended by several months.
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CONCLUSIONS

Tt e TOPEX/Poscidon satellite has completed 3.7 year o
successful operation.  Prior to launch several ¢ hiango oo thy
operation of the p ower subsystem were made. ‘1 hese chiap .
included lowering the V/I' levels of battery chargr po an

offsctting the solar array from the normal position to 1eilove ta
peak powertracking char ge current,

Based on the satellite eng incering data to-date st 8PP s it
the <11 s» op erational conditions tmplemented sincclaan-hnoe
onty have been successful 1n controlling the batcr v ovenching .
(which was the original intent) but also aided in weducig .
degradation rates 0 1 several power subsystem compone 1x D
appears the solar anay degrad ation is lower thau predicted o
to Ja unch which may be due 10 the solar ar nay 08 1 s
implemented since Ta unch. The lower solar array do gradar 1on
rate will contribute sighificautly (o the exte nded nussion fdctim
of TOPEX. The Standard Power Regulator Ulnit has 1 o

operating at approximately 93% efficiency andbas show e n,

signs o1 degradation. Ttalso appears that the 'V (C conditny
have red ueed the ba ttery end-of-night voltage degraclation h
lower degradation 1ate may also aid in extended the miss jor by,
several months,

Using previously untested battery management technigue s, il
TOPEX batter ics have beenthe 1)) (zct of suceess cormdeing
that they are of the same type that have exhibite ¢ anomaat wre
behavior on other satelites.  The TOPEX Tender-1 oving (e
(11 .C) battery managem ent stratepy  has made possible  an
extended mission by decreasing the rate of battery degradistion
TOPEX battery manageme nt {echniques are changing the v o
that Ni-Cd batteries are operated in low Barth orbitsatelito
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